Introduction {#sec1}
============

Coronaviruses (CoVs) are enveloped positive-stranded RNA viruses. They belong to the order of *Nidovirales* and are classified into four genera: α, β, γ, and δ.^[@ref1]^ Coronaviruses are animal viruses with circulating reservoirs in mammals and birds. For most coronaviruses, the lifecycle can be dissected into four steps, including viral entry, replication, assembly, and release.^[@ref2]^

Until last year, six strains of coronaviruses have been identified that are pathogenic to humans. Among them are CoV-NL63, CoV-OC43, CoV-HKU1, and CoV-229E that could cause mild respiratory tract diseases.^[@ref3]^ However, two of the β-CoVs, the severe acute respiratory syndrome coronavirus (SARS-CoV), and the Middle East respiratory syndrome coronavirus (MERS-CoV) have caused severe epidemics in the past.^[@ref4],[@ref5]^ In April 2003, SARS-CoV was responsible for 8098 infections, with a fatality rate of ∼10% by the end of September 2003.^[@ref6]^ MERS-CoV emerged from its zoonotic reservoir in 2012 and infected 2494 people with a fatality rate of ∼34% by the end of 2019.^[@ref7]^ Both outbreaks having such high fatality rates, highlight the need for surveillance of coronavirus emergence. While efforts for the development of antivirals against SARS-CoV or MERS-CoV are still in process, a new coronavirus (SARS-CoV-2) has emerged from an epicenter located in Wuhan, China, in December 2019.^[@ref8]^ SARS-CoV-2 is highly contagious and has quickly spread in and beyond China. As of May 28, 2020, there have been more than 5 596 550 diagnosed cases around the world, with 353 373 confirmed deaths ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref9]^ The United States of America and Brazil reporting the majority of the confirmed cases in the Americas, with 1 658 896 and 391 222 cases, respectively.

![Countries with reported SARS-CoV-2 infections.^[@ref10]^ Countries with reported infections in blue and countries/areas with no reported infections in yellow (North Korea, Turkmenistan, and Western Sahara).](jm0c00502_0001){#fig1}

Recently the genome of SARS-CoV-2 was determined, which revealed 80% identity with that of some SARS-CoV strains (GZ02, BJ01, Tor2, SZ3, PC4-227) and interestingly 96% identity to the bat coronavirus BatcoV RaTG13.^[@ref11]^ The receptor-binding spike (S) protein is highly divergent from other CoVs and displays nucleotide sequence identities of 75% or less to all other previously described SARS-CoVs. However, again, the new SARS-CoV-2 S protein shares 93.1% identity to the RaTG13 S protein.^[@ref11]^

The glycoprotein or S protein is responsible for receptor recognition and viral entry into host cells. The spike protein can be divided into two domains; S1 is responsible for angiotensin-converting enzyme II(ACE2) recognition, the recently identified host cell receptor, and S2 mediates membrane fusion ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref12]^ Structural alignment of SARS-CoV-2 S protein with SARS-CoV S protein shows that both S proteins are similarly with a root-mean-square deviation (RMSD) of 3.8 Å over 959 Cα atoms, while the S2 domain, responsible for membrane fusion, display the most substantial similarities with an RMSD of 2.0 Å ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C).

![Structure of the SARS-CoV-2 Spike (S) protein in its prefusion conformation (PDB 6VSB). (A) Cryo-EM structure of the trimeric and monomeric S protein and (B) domain architecture with colored domains and not resolved/missing regions in white. NTD, N-terminal domain; RBD, receptor-binding domain; FP, fusion peptide region; HR1/2, heptad repeat 1/2; TM, transmembrane domain S1/S2; S2′: protease cleavage sites. (C) Structural alignment of SARS-CoV-2 S (in orange and HR1 in dark-blue, PDB 6VSB) and SARS-CoV S (in gray, PDB 6CRZ).](jm0c00502_0002){#fig2}

Engagement of the host cell receptor ACE2 is important for viral entry; however, subsequent entry steps can vary and are cell-type specific. SARS-CoV can enter the host cell via both clathrin (endosomal) and nonclathrin pathways (nonendosomal); however, both pathways are dependent upon ACE2 binding.^[@ref13],[@ref14]^ The clathrin-mediated pathway includes the S protein binding to ACE2 and subsequent dynamin/clathrin-mediated internalization of endosomal vesicles that maturate to late endosomes. Within the late endosomes and lysosomes, acidification of the internalized endosomes and H^+^-dependent activation of the cellular cathepsin L proteinase takes place that cleaves and activates the S protein, therefore initiating viral fusion with the endosomal/lysosomal membrane ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In the case of SARS-CoV, cell culture studies revealed that the entry process is delayed with a lag phase of around 30 min, suggesting substantial maturation requirements.^[@ref15]^ In accordance with findings that mouse hepatitis coronavirus (MHV) and feline coronavirus (FCV) infections of HeLa cells are also heavily dependent on endosomal maturation, the clathrin-dependent entry and endosomal maturation are key to entry across Coronaviridae.^[@ref16]^ For SARS-CoV-2, a recent study also confirms that virus can use host cell receptor CD147 to gain entry into the host cells besides ACE2.^[@ref17]^

![Entry model of SARS-CoV-2 into the host cell. Binding of the S1 domain within the spike (S) protein to the cellular ACE2 receptor triggers conformational changes in the S2 domain that results in internalization and subsequent membrane fusion ((A) endosomal/clathrin-dependent pathway). The endosomal pathway is facilitated by a low pH and the pH-dependent cysteine protease cathepsin L. Alternatively, SARS-CoV-2 can enter the cell via the nonendosomal/clathrin-independent pathway (B). During this route, ACE2 recognition by the SARS-CoV-2 S protein (comparable to route A) is followed by additional activation/cleavage of the S protein into S1 and S2 domains by cell membrane-associated serine proteases such as TMPRSS2 and TMPRSS11D. The figure was prepared with <https://biorender.com/>.](jm0c00502_0003){#fig3}

In addition to the endosome-mediated entry pathway, host proteases also play critical roles in the nonendosomal entry of coronaviruses.^[@ref5]^ Host proteases such as the transmembrane protease serine 2 (TMPRSS2) and TMPRSS11D can cleave the S protein at the S1/S2 cleavage site ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) to prime and activate the S protein for membrane fusion during the nonendosomal pathway.^[@ref18]^ A recent study also confirms that TMPRSS2 expressing VeroE6 cells are highly susceptible to SARS-CoV-2 infection, highlighting the importance of TMPRSS2 in the replication cycle.^[@ref19]^

MERS-CoV can also be activated by furin (serine endoprotease) to initiate the nonclathrin mediated membrane fusion event.^[@ref20]^ Interestingly, in the new SARS-CoV-2 S protein, additional amino acid insertions at the S1/S2 cleavage site results in an "RRAR" furin recognition site absent in SARS-CoV S protein.^[@ref21]^ This polybasic insertion sequence has possible implications for the SARS-CoV-2 replication cycle and its increased pathogenicity. Indeed, polybasic furin sites have been observed in hemagglutinin (HA) proteins of highly virulent avian and human influenza viruses, and similar furin-like processing events are also observed for other RNA viruses such as Ebola virus and Marburg virus, human immune deficiency virus (HIV), and flaviviruses.^[@ref22]^

To activate the S protein for membrane fusion with the cellular membrane, structural rearrangements within the S2 domain are required. Two heptad repeats, HR1 (dark blue in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) and HR2 can interact to form a six-helix bundle (6-HB), a common postfusion structure shared by all type I viral glycoproteins, to bring viral and cellular membranes in close proximity. Additionally, the S2 domain contains a membrane interacting domain or fusion peptide that is exposed upon specific triggers such as receptor binding or low endosomal pH. To date, three membrane interacting regions with host-membrane destabilizing effects have been identified in the SARS-CoV S protein: two conserved sequences across coronaviridae, with residues 798--815^[@ref23]^ and residues 864--886,^[@ref24]^ both C-terminal positioned at the second cleavage site in the S protein termed S2′ at Arg 797 and a less conserved third region with membrane disordering properties residues 770--788.^[@ref25]^ Once in the host cell, the viral particle uncoats and is ready for transcription and translation.^[@ref26]^ The first ORF codes for approximately 67% of the genome and is separated into open reading frames (ORF) 1a and 1b ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). ORF1a and ORF1b are translated into polyproteins pp1a (4382 amino acids) and pp1ab (7073 amino acids) that are processed by 3-C-like protease (3Clpro) and papain-like protease (Plpro). The processing of these polyproteins produces a variety of nonstructural proteins (NSPs), including RNA-dependent RNA polymerase (RdRp) and helicase, to catalyze viral genome replication and protein synthesis.^[@ref27]^ The remaining ORFs in the SARS-CoV-2 genome code for accessory and structural proteins. Following further assembly, the mature virions are transported to the cell surface in vesicles and released by exocytosis.^[@ref28]^ Any protein involved in the replication process could be a potential target for the development of antiviral agents.

![Genome organization of SARS-CoV-2. Genome organization of the SARS-CoV-2 and location the central genes within the genome (numbers in brackets).^[@ref29]^ The figure was prepared with <https://biorender.com>.](jm0c00502_0004){#fig4}

As mentioned previously, Zhang et al. determined the full-length genome sequence of SARS-CoV-2 and revealed that the virus was very similar (89.1% nucleotide similarity) to a group of SARS-like coronaviruses.^[@ref30]^ Simultaneously, Shi et al. found that SARS-CoV-2 shares 96% sequence identity at a whole-genome level to a bat coronavirus, and importantly, they confirmed that SARS-CoV-2 utilizes the same cell entry receptor, ACE2, as SARS-CoV.^[@ref11]^ Recently, the cryo-EM structure of full-length human ACE2 bound to the RBD of the SARS-CoV-2 was solved, providing an important structural foundation for intervention strategies.^[@ref31]^ Conservation analysis also revealed that the RdRp and the 3CLpro are highly conserved between SARS-CoV-2 and SARS-CoV.^[@ref32]^ Therefore, it is widely accepted that SARS-CoV-2 would behave similarly to SARS-CoV with regards to viral entry and replication.

Being the first step in the infection process, the entry of pathogenic viruses into susceptible cells is an extremely attractive intervention point. As with other well-known viruses, such as HIV-1 and Ebola, viral entry of coronaviruses is a complex multiple-step process with numerous interactions and processing points that, in theory, could be targeted.^[@ref33]^ In this review, we summarize case studies and highlight efforts in designing entry inhibitors against SARS-CoV, MERS-CoV, and other coronaviruses that can provide important information to combat the current SARS-CoV-2 outbreak.

Host Cell ACE2 Receptor Recognition by the SARS-CoV-2 Spike (S) as a Promising Antiviral Target {#sec2}
===============================================================================================

Binding of the SARS-CoV-2 spike (S) protein to the cellular ACE2 receptor represents the first encounter (in both the endosomal and nonendosomal pathway) in the viral replication cycle and provides prophylactic intervention opportunities.^[@ref34]^ SARS-CoV-2 spike (S) recognizes with its RBD the cellular ACE2 receptor with high affinity (*K*~d~ = 14.7 nM)^[@ref12]^ as judged by surface plasmon resonance (SPR) interaction analysis, and intervention at the RBD-ACE2 interface can potentially disrupt infection efficiency.

Recently the cryo-EM and crystal structures of SARS-CoV-2's RBD in complex with ACE2 were solved and provide important structural guidance for inhibitor design ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).^[@ref31]^ The interface can be divided into three contact sides, mainly polar in nature, and is similar to the SARS-CoV-ACE2 complex.^[@ref35],[@ref36]^ In this structure, an extended loop of the RBD contacts an arch-like helix α1 of the proteolytic domain (PD) of ACE2 via an N- (cluster 1), central (cluster 2), and C-terminal (cluster 3) portion ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} purple box). Additionally, helix α2 and loop 3--4 (connecting β3 and β4) of ACE2 provide limited contacts. At the N terminus of α1 (cluster 1), Gln498, Thr500, and Asn501 of the RBD interact via hydrogen bonds with Tyr41, Gln42, Lys353, and Arg357 from ACE2. The middle portion (cluster 2) of the RBD loop contacts via Tyr453, the ACE2 PD at residue His34. At the C terminus of α1 (cluster 3), Gln474 of RBD contacts Gln24 of ACE2, and Phe486 of RBD interacts with Met82 of ACE2 through van der Waals interactions ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}).

![SARS-CoV-2-RBD and ACE2 interface. ACE2 (in blue) is contacting via its proteolytic domain (PD) with helix α1 the extended loop region (in purple) of SARS-CoV-2 RBD, mainly via polar interactions. In addition, helix α2 and the loop 3--4 connecting β3 and β4 are also contributing to the interface. SARS-CoV-2 S protein monomer was obtained from PDB 6VSB and RBD-ACE2 complex from PDB 6VW1. Boxes 1, 2, and 3 highlight polar clusters 1, 2, and 3, respectively.](jm0c00502_0005){#fig5}

The structures of the RBDs from the SARS-CoV-2-ACE2 complex and the SARS-CoV-ACE2 complex are quite similar, with an RMSD of 0.68 Å over 139 Cα atoms ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}).^[@ref31]^ A comparison of both structures, however, also highlights some deviations at all three clusters summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. These deviations need to be considered carefully during the inhibitor design process.

![Structural alignment of the RBD-ACE2 interface from SARS-CoV-2 and SARS-CoV. The SARS-CoV-2 RBD-ACE complex (PDB 6VW1) with ACE2 in blue and RBD in purple/orange are superimposed to the SARS-CoV RBD-ACE complex (PDB 2AJF) with ACE2 in cyan and RBD in green. N-Terminal, central, and C-terminal clusters are highlighted in black boxes with 1, 2, and 3, respectively.](jm0c00502_0006){#fig6}

###### Amino Acid Alterations between SARS-CoV-2 and SARS-CoV RBD-ACE2 Interface

                           SARS-COV RBD                             SARS-COV-2 RBD (with corresponding altered residue)
  ------------------------ ---------------------------------------- -----------------------------------------------------
  cluster 1 (N-terminus)   Arg426, Tyr484, Thr487                   Asn439, Gln498, Asn501
  cluster 2 (central)      Val404, Tyr442, Leu443, Phe460, Asn479   Lys417, Leu455, Phe456, Tyr473, Gln493
  cluster 3 (C-terminus)   Leu472                                   Phe486

Numbering corresponds to the individual RBD--ACE2 complex. For a more detailed insight, we refer to ref ([@ref30]).

Targeting the RBD {#sec3}
=================

Peptide Analogues, Monoclonal Antibodies, and Protein Chimeras as RBD Inhibitors {#sec3.1}
--------------------------------------------------------------------------------

Both SARS-CoV and SARS-CoV-2 use ACE2 to gain entry into the host cells. As such, this critical interaction can be blocked to stop viral entry.^[@ref19]^ This strategy was first demonstrated by Hsiang et al. Using a biotinylated enzyme-linked immunosorbent assay (ELISA), Hsiang et al. reported the disruption of the SARS-CoV S protein-ACE2 interaction by small peptides. From a total of 14 designed peptides, peptides SP-4, SP-8, and SP-10 ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) significantly blocked the interaction of the SARS-CoV S protein with ACE2 with IC~50~ values of 4.30, 6.99, and 1.88 nM, respectively. Additional immunofluorescence assay (IFA) studies with S-protein-pseudotyped retroviruses, revealed a novel mechanism of infection inhibition of Vero E6 cells by SP-10.^[@ref37]^ Structural investigation of the RBD-ACE2 complex by Michael et al. revealed crucial charged residues between positions 22 and 57 for SARS-CoV viral entry. This structural information resulted in the design of two longer peptides P4 and P5 with IC~50~ values of around 50 and 6 μM, respectively. Glycine linkage of peptide P4 (residue 22--47) with an ACE2 derived peptide (residue 351--357) further improved antiviral activity against a SARS-CoV pseudovirus with an IC~50~ of 100 nM and no cytotoxicity up to 200 μM.^[@ref38]^ In light of the successful inhibition of SARS-CoV with this linked peptide, a similar strategy could potentially be effective against the new SARS-CoV-2. The recently solved cryoEM structure of SARS-CoV-2 in complex with the human ACE2 receptor can provide a structural rationale for the peptide design.^[@ref31]^

![Location of synthetic peptides derived from the S1 and S2 domain of the spike protein.](jm0c00502_0007){#fig7}

###### Amino Acid Sequences of Peptide Inhibitors

  peptide               amino acid sequence (from N- to C-terminus)
  ----------------- ---------------------------------------------------
  SP-4                                 GFLYVYKGYQPI
  SP-8                                 FYTTTGIGYQPY
  SP-10                                STSQKSIVAYTM
  *P*4̅                            EEQAKTFLDKFNHEAEDLFYQSS
  P-5                      EEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEE
  S~471--503~                ALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFEL
  RBD-11B                                 YKYRYL
  DX600                         GDYSHCSPLRYYPWWKCTYPDPEGGG
  HR2-8              ELDSFKEELDKYFKNHTSPDVDLGDISGINASVVNIQKEIDRLNEVAK
                                   NLNESLIDLQELGKYEQYIK
  HR1-A                        YENQKQIANQFNKAISQIQESLTTTSTA
  GST-REMOVED-HR2    DVDLGDISGINASVVNIQKEIDRLNEVAKNLNESLIDLQELGKYEQYI
  HR2                       ISGINASVVNIQKEIDRLNEVAKNLNESLIDLQEL
  HR2P                     SLTQINTTLLDLTYEMLSLQQVVKALNESYIDLKEL
  HR2P-M2                  SLTQINTTLLDLEYEMKKLEEVVKKLEESYIDLKEL
  EK1                      SLDQINVTFLDLEYEMKKLEEAIKKLEESYIDLKEL
  229E-HR1P           AASFNKAMTNIVDAFTGVNDAITQTSQALQTVATALNKIQDVVNQQ
                                        GNSLNHLTSQ
  229E-HR2P          VVEQYNQTILNLTSEISTLENKSAELNYTVQKLTQTLIDNINSTLVDLK
                                            WL

Monoclonal antibodies (mAb) have potential applications for diagnosis, prophylaxis, and treatment of established and evolving viral infections.^[@ref39]−[@ref41]^ Prabhakar et al. isolated specific antibodies from B cells in XenoMouse immunized with SARS-CoV. Further investigation revealed that several Abs directly react with the RDB domain, and a combination of two Abs (4D4 and 3C7) displayed near-complete neutralization efficiency as compared to a single Ab application.^[@ref42]^ Two additional potent monoclonal antibodies, mAb201 and mAb68, could be isolated from transgenic mice immunized with the soluble ectodomain of SARS-CoV S protein.^[@ref43]^ This mAb could bind SARS-CoV S protein directly with affinities of 34 nM (mAb 201) and 83 nM (mAb 68) as judged by SPR analysis. Mice that received 40 mg/kg of mAb 201 or mAb 68 before SARS-CoV infection showed complete protection from reinfection of lung tissues.^[@ref43],[@ref44]^ Cross-reactivity of mAbs is highly desirable, and Dimitrov et al. identified the human mAb m396 that binds SARS-CoV with high affinity (*K*~d~ = 20 nM).^[@ref45]^ Mice that received 200 μg of m396 were nearly completely protected from infection by Urbani and GD03 virus strains.^[@ref46]^ M396 did compete with the SARS-CoV receptor, ACE2, for binding to the RBD, suggesting that m396 inhibits SARS-CoV-ACE2 binding as the predominant mechanism of action.^[@ref45]^ However, SARS-COV-2 showed some complexities for RBD directed antibodies. For instance, Wrapp et al. tested cross-reactivity of three antibodies, including S230, m396, and 80R, against SARS-COV-2 RBD. Despite the partly high degree of structural homology between the SARS-COV-2 and SARS-COV, no binding to the SARS-COV-2 RBD was detected for any of the three antibodies at the concentration of 1 μM. It can be concluded that SARS-COV antibodies will not necessarily be cross-reactive for SARS-COV-2.^[@ref12]^

In a different approach, Hu et al. generated a novel chimeric recombinant protein recently by connecting the extracellular domain of human ACE2 to the Fc region of human immunoglobulin IgG1. These chimeric constructs displayed high-affinity for the SARS-CoV-2 and SARS-CoV RBD binding and potently neutralized SARS-CoV and SARS-CoV-2 in vitro, with IC~50~ values between 0.8 and 0.1 μM, respectively. These recombinant chimeras also showed cross-reactivity and could have, therefore, useful applications for diagnosis, prophylaxis, and treatment of SARS-CoV-2.^[@ref47]^

Using the VelocImmune platform, Pascal et al. generated several human, noncompeting monoclonal antibodies that target MERS-CoV S protein and block viral entry into host cells. Among them, two antibodies, REGN3051 and REGN3048, can significantly inhibit MERS-CoV pseudoparticles, with IC~50~ values of 460 and 180 pM, respectively.^[@ref48]^ In addition, REGN3051 and REGN3048 showed a good performance in a novel transgenic mouse model, which was developed by replacing the mouse DPP4 coding sequence with that encoding human DPP4. Results suggested that both REGN3051 and REGN3048 were able to potently reduce MERS-CoV specific RNA levels in the lungs at a 200 μg per mouse dose compared with the isotype control antibody. At the 20 μg dose, REGN3051 was more effective at decreasing MERS-CoV RNA levels compared with REGN3048 at the same dose.^[@ref48]^ Recently, in the common marmoset model of MERS-CoV infection, de Wit et al. tested the prophylactic and therapeutic efficacy of REGN3051 and REGN3048. Data demonstrated that their protection might be more effective in a prophylactic treatment process rather than treatment of MERS-CoV.^[@ref49]^ In the latest attempt, Chen et al. identified SARS-CoV-2 RBD specific antibodies from samples of 26 recovered COVID-19 patients using an RBD-specific ELISA binding study. Among them, 311mab-31B5 and 311mab-32D4 effectively neutralized pseudovirus entry, with IC~50~ values of 0.0338 and 0.0698 μM, respectively.^[@ref50]^ Recently, in an ELISA based (cross)reactivity assay, assessing antibody-containing supernatants of a collection of 51 SARS-S hybridoma's derived from immunized transgenic H2L2 mice that encode chimeric immunoglobulins, Wang et al. identified a chimeric mAb 47D11 that targets RBD. 47D11 exhibited cross-neutralizing activity of SARS-CoV-S protein and SARS-CoV-2-S protein pseudotyped VSV infection with IC~50~ values of 0.19 and 0.57 μM, respectively.^[@ref51]^

Brouwer et al. used cross-sectional blood samples from three PCR-confirmed SARS-CoV-2-infected individuals to screen for binders to a soluble prefusion-stabilized S protein of SARS-CoV-2 using an ELISA-based approach. All three blood samples did bind to the prefusion-stabilized S protein and prompted subsequent sorting of SARS-CoV-2 S protein-specific B cells for mAb isolation. Nineteen Nabs could be identified that target a diverse range of antigenic sites on the S protein and showed remarkable picomolar inhibiting activities with the two most potent IC~50~ values of 0.010 and 0.007 μg/mL (COVA1-18 and COVA2-15, respectively) against live SARS-CoV-2 virus.^[@ref52]^

Large antibody libraries are crucial in response to rapidly emerging pathogens. Using eight large phage-displayed VH, scFv, and Fab libraries and panning against the RBD of the SARS-CoV-2, Li et al. identified an exceptional potent (*K*~d~ to RBD of 160 pM as judged by biolayer interferometry) mAb IgG1 ab1 that competes with ACE2 in vitro and protected transgenic mice expressing hACE2 from high-titer intranasal SARS-CoV-2 challenge.^[@ref53]^ In two different assays using replication-competent SARS-CoV-2 in a microneutralization-based assay, 100% neutralization at \<400 nM, and in a luciferase reporter gene assay, an IC~50~ of 200 nM was reported. Moreover, transgenic mice expressing human ACE2 administrated with 0.3 mg of Ig1 ab1 prior intranasal infection with SARS-CoV-2 did not show any detectable replication-competent virus, demonstrating the preventive effect of IgG1 ab1.^[@ref53]^

Small Molecules Targeting the RBD {#sec3.2}
---------------------------------

Besides peptides, mAb, and protein chimeras, small molecules are still the preferred modality for a drug. This is due to improved pharmacokinetics, stability, and dosage logistics compared to proteins or peptides.^[@ref54],[@ref55]^ In addition, small molecules have advantages compared to peptides/proteins regarding dissemination logistics in remote areas and the high expenses of peptide/protein production.^[@ref54],[@ref55]^

To identify small molecule entry inhibitors against the SARS-CoV S protein, Sarafianos et al. screened a chemical library composed of 3000 compounds according to Lipinski's rule of five^[@ref56]^ and identified an oxazole-carboxamide derivative, **SSAA09E2** (**1**, [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), that blocks the binding of the RBD of SARS-CoV S protein and ACE2 with an IC~50~ value of 3.1 μM and CC~50~ value of \>100 μM. Further investigation confirmed that **1** does not alter ACE2 expression but most likely blocks directly ACE2 recognition by interfering with the RBD.^[@ref57]^

###### Small Molecules Targeting RBD and ACE2

![](jm0c00502_0009){#fx1}

Lundin et al. screened a library of 16 671 diverse compounds and found a small molecule inhibitor, **K22** (**2**), which was able to inhibit HCoV-229E with an IC~50~ value of 0.7 μM and CC~50~ value of 110 μM. Studies for mechanism showed that K22 targeted a very early step in the HCoV-229E life cycle and may interact with viral particles, thus inactivating their binding.^[@ref58]^

Targeting the Cellular Receptor {#sec4}
===============================

Peptide Analogues as ACE2 Inhibitors {#sec4.1}
------------------------------------

Human angiotensin-converting enzyme (ACE) is a highly glycosylated type I integral membrane protein and has been identified as a fundamental regulator of the renin--angiotensin system (RAS) in humans and is an important target in regulation of blood pressure homeostasis. ACE2 is a human homologue of ACE.^[@ref59]^ It contains a single zinc-binding catalytic domain, which is 42% similar to the human ACE active region.^[@ref60]^ ACE2 can catalyze the cleavage of angiotensin I into angiotensin 1-9, and angiotensin II into the vasodilator angiotensin 1-7 and its organ- and cell-specific expression also suggests a role in the regulation of cardiovascular and renal function and fertility.^[@ref60]^ ACE2 is a functional receptor to the SARS-CoV during viral entry, and recent research demonstrated that SARS-CoV-2 also utilizes ACE2 for infection.^[@ref61]^ However, ACE2 cannot be inhibited by ACE inhibitors, so there is an urgent need to develop specific ACE2 inhibitors that would prevent infection by both SARS-CoV and SARS-CoV-2.

One of the first efforts to target the ACE2 receptors was documented by Liu et al. Using a novel epitope assembling assay, Liu et al. identified linear B-cell immuno-cross-reactive epitopes of SARS-CoV S protein by synthesizing 22 longer peptides. Five of these peptides showed serologically highly cross-reactivity in all tested SARS patients sera. Among them, peptide S~471-503~ could significantly block the binding of RBD to ACE2. S~471-503~, derived from the S1 fragment ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) could target ACE2, and showed antiviral activity against SARS-CoV infection in vitro, with an EC~50~ value of 41.6 μM, providing an important basis to explore the antiviral potential of S~471-503~ against SARS-CoV-2.^[@ref62]^

Another peptide derived from the RBD, RBD-11b, located in S1 of the SARS-CoV S protein, is crucial for binding to the host cells ACE2 receptor^[@ref62]^ ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Given the vital role of this motif, Meyer et al. confirmed the binding to ACE2 of a synthesized peptide mimicking this region (^438^YKYRYL^443^) with a *K*~d~ of around 46 μM. Moreover, RBD-11b displays no toxicity, as judged by an MTT (3-(4,5)-dimethylthiahiazo-(-z-y1)-3,5-di-phenytetrazoliumbromide) cell proliferation assay, on VeroE6 cells. In addition, RBD-11b showed antiviral activity to HCoV-NL63 at a peptide concentration of 7 mM in CaCo2 cells, which also used ACE2 as a functional receptor.^[@ref63]^

Constrained peptides are receiving more attention in the drug development field, combining the best attributes of antibodies and small molecules. Linear peptides are often highly flexible and unstructured in solution, only forming structures upon target binding. This can sometimes reduce the affinity of such peptides for their target by an entropic penalty mechanism. However, stabilization methods such as cyclization or hydrocarbon stapling can increase the physicochemical characteristics and drug-like properties while negating the entropic penalty of binding and having a positive impact on affinity.^[@ref64]^

Using a constrained peptide library displayed on filamentous phages, Ladner et al. identified several peptides inhibiting ACE2 function with the most potent being DX600 ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). DX600, an N-terminal acetylated and C terminal amidated peptide, was a potent ACE2 peptide inhibitor with an IC~50~ value of 10 nM and a *K*~i~ value of 2.8 nM. DX600 did not inhibit ACE activity and thus is specific to ACE2. In addition, DX600 was chemically stable and not hydrolyzable by ACE2.^[@ref65]^ Although it is not clear whether DX600 can inhibit coronavirus, as an effective ACE2 inhibitor, anticoronavirus tests should be conducted in the future.

Small Molecule as ACE2 Inhibitors {#sec4.2}
---------------------------------

As discussed previously, peptide and constrained peptide inhibitors have inherent caveats concerning their use as drugs.^[@ref64]^ Therefore, screening for small molecule inhibitors, guided by information gleaned from the previous studies is the next logical step. A virtual screen targeting the ACE2 catalytic site with around 140 000 compounds combined with a molecular docking approach led to the identification of **NAAE** (*N*-(2-aminoethyl)-1 aziridine-ethanamine) (**3**, [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). **3** showed a dose-dependent inhibition of ACE2 catalytic activity with an IC~50~ value of 57 μM and a *K*~i~ of 459 μM. Despite its micromolar potency in inhibiting a SARS-CoV pseudotyped virus, cytotoxicity data is not available to date.^[@ref66]^

**Chloroquine** (**4**) currently has applications for malaria and amoebiasis treatment. Interestingly, Nichol et al. showed that chloroquine could also block the interaction of RBD of SARS-CoV to ACE2 under cell culture conditions with an ED~50~ value of 4.4 μM.^[@ref67]^ Recently, Wang et al. found that **4** blocked SARS-CoV-2 virus infection, with an IC~50~ value of 1.13 μM and a CC~50~ \> 100 μM in Vero E6 cells.^[@ref68]^ Chloroquine possibly increases endosomal pH required for virus/cell fusion as well as impairs with the terminal glycosylation of the cellular ACE2 receptor, thereby reducing the affinity of SARS-CoV/SARS-CoV-2 to ACE2. Besides its antiviral activity, chloroquine may synergistically enhance its antiviral effect with immune-modulating activity in vivo.^[@ref68]^ At present, chloroquine is carried out in clinical research in China for the treatment of SARS-CoV-2 (ChiCTR2000029609).^[@ref69]^**Hydroxychloroquine** (**5**) is an analogue of chloroquine, which shares the same mechanism of action as chloroquine but displays a more tolerable safety profile.^[@ref70]^ Yao et al. showed that **5** had an IC~50~ value of 0.72 μM after a 48 h incubation time. In physiological-based pharmacokinetic (PBPK) models, Yao et al. found **5** exhibited better in vitro anti-SARS-CoV-2 activity than **4**.^[@ref71]^ Recent studies suggest that **4** and **5** could cause ventricular arrhythmias,^[@ref72]^ QT prolongation,^[@ref72],[@ref73]^ retinopathy,^[@ref74]^ and other cardiac-related toxicity, which may pose a particular risk to critically ill patients. Although both show antiviral activity, safety, and effectiveness, they require further clinical research.

Turner et al. identified that the SARS-CoV receptor, ACE2, undergoes proteolytic shedding, releasing an enzymatically active ectodomain during viral entry.^[@ref75]^ Further research identified that a disintegrin and metalloproteinase (ADAM17) is responsible for shedding regulation of ACE2. Inhibiting ADAM activity with the ADAM-specific inhibitor **GW280264X** (**6**) reduced shedding of ACE2 at 1 nM against SARS-CoV.^[@ref76]^ Another enzyme involved in ACE2 shedding is TACE (TNF-α converting enzyme, a member of the ADAM family). Two TACE inhibitors, **TAPI-0** (**7**) and **TAPI-2** (**8**), reduced ACE2 shedding against SARS-CoV, with IC~50~ values of 100 and 200 nM, respectively.^[@ref75]^

Perhaps the most promising small molecule described to date is the very potent ACE2 inhibitor **MLN-4760** (**9**). **9** can inhibit the catalytic activity of ACE2 with an IC~50~ of around 440 pM.^[@ref77]^ The crystal structure of the apo and **9** bound ACE2 complex revealed a significant subdomain movement of the N-terminal and C-terminal subdomains of ACE2 upon **9** binding. This movement is important to position critical residues to stabilize the bound inhibitor. Its high potency makes **9** a very attractive candidate for SARS-CoV-2 interference; however, no antiviral coronavirus data is available at this time.

Milewska et al. synthesized several polymer-based compounds showing prominent anticoronaviral activity. Among them, a cationically modified chitosan derivative, *N*-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride (**HTCC**, **10**), and hydrophobically modified HTCC (**HM-HTCC**, **11**) were found that could inhibit HCoV-NL63 replication. For both tested polymers, their IC~50~ values were relatively low in LLC-MK2 cells, amounting to ∼50 nM for **10** and ∼230 nM for **11**. CC~50~ values were ∼0.8 and ∼1 μM for **10** and **11**, respectively.^[@ref78]^ Recent research showed that **10** and **11** blocked the interaction of HCoV-NL63 with its ACE2 receptor and thus interfered with the process of viral entry.^[@ref79]^

Despite the availability of many compounds with inhibitory effects on ACE2, the corresponding ADMET data in a preclinical model is not available. Regardless, direct inhibition of ACE2 is probably not a viable therapeutic modality, however. This is due to its important normal physiological roles, in addition to its lung injury protective role in acute respiratory distress syndrome from a variety of causes, including SARS-CoV infection.^[@ref80],[@ref81]^ As such, directly inhibiting ACE2 as an antiviral strategy appears to be physiologically unsound, and virally targetted blockers of its interaction with the SARS-CoV/SARS-CoV-2 S protein hold greater promise.

Interference with Membrane Fusion of the Spike Protein {#sec5}
======================================================

Membrane fusion is a crucial step in the MERS/SARS infection cycle in both described pathways (see section 1). Within the endosomal/clathrin-dependent route, internalized viral particles need to fuse with the endosomal membrane to escape the endosomal/lysosomal environment. This is achieved via a conformational change of the S protein (S2 domain) within the acidic milieu followed by membrane fusion activation by the host protease cathepsin L. Membrane fusion is also essential during the nonendosomal/clathrin-independent route to fuse with cellular membranes facilitated by host protease cleavage of the S protein by cell membrane-associated proteases such as TMPRSS2.^[@ref19]^ In conclusion, the S2 domain of the SARS-CoV S protein and host proteases such as cathepsin L and TMPRSS2 are very attractive therapeutic targets.^[@ref82],[@ref83]^ Therefore, we highlight in the following section a few examples of peptide analogues, mAbs, and small molecules that target the S2 domain or inhibit directly host proteases that are crucial for the S protein processing and fusion event.

Inhibitors Targeting the S2 Domain {#sec6}
==================================

Peptide Analogues and Monoclonal Antibodies Targeting the S2 Domain {#sec6.1}
-------------------------------------------------------------------

The heptad repeat (HR) regions in the S2 domain are crucial for the viral membrane fusion event.^[@ref84],[@ref85]^ HR1 and HR2 can interact with each other to form a 6-HB to bring viral and cellular membranes close (for exact location, see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). On the basis of this requirement, Bosch et al. obtained peptides corresponding to region HR2 within the HR. HR2-8 displayed in an infection inhibition assay with pseudotyped SARS-CoV S protein in Vero cells an EC~50~ value of 17 μM ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).^[@ref84]^ Moreover, HR2-8 demonstrated concentration-dependent inhibition of HCoV-NL63 infection with an IC~50~ value of 0.5 μM and a CC~50~ value of 20 μM.^[@ref86]^ On the basis of these initial results, further development of the HR2-8 peptide is necessary to develop a more potent human coronaviruse (HCoV) peptide inhibitor. Similarly, Ngai et al. obtained three HR derived peptides, including HR1-a, GST-removed-HR2, and HR2 peptide, with remarkable inhibitory activity against SARS-CoV ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). Virus entry inhibition studies suggested that HR1-A, derived from the HR1 region, had an EC~50~ value of 1.61 μM. GST-removed-HR2 peptide and HR2 peptide, derived from the HR2 region, had EC~50~ values of 2.15 and 0.34 μM, respectively.^[@ref87]^ HR2P, spanning residues 1251--1286 in HR2 domains, could effectively inhibit MERS-CoV infection and S protein-mediated membrane fusion ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This study indicates that HR2P could specifically inhibit MERS-CoV in Vero cells, with an IC~50~ value of ∼0.6 μM and a CC~50~ value of \>1000 μM. HR2P also demonstrated high selectivity, as indicated by its high selectivity index (SI \> 1667). Importantly, the introduction of Arg, Lys, or Glu residues into the HR2P peptide increased stability, solubility, and anti-MERS-CoV activity.^[@ref88]^ To improve the stability, solubility, and antiviral activity of HR2P, Channappanavar et al. designed and synthesized an HR2P analogue named HR2P-M2. HR2P-M2 strongly blocked S protein-mediated cell--cell fusion in a dose-dependent manner at IC~50~ values of 0.55 μM in vitro. In vivo, HR2P-M2 intranasal administration to Ad5/hDPP4 transgenic mice protected them from MERS-CoV infection and reduced the lung viral titers by more than 1000-fold. Moreover, combination treatment with IFN-β was demonstrated to enhance the protective effect.^[@ref89]^

The development of a drug with broad-spectrum HCoV inhibitory activity is increasingly becoming an attractive approach. Xia et al. found that the EK1 peptide showed pan-CoV fusion inhibitory activity against multiple HCoVs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).^[@ref90]^ Further investigation revealed that EK1 directly reacts with the HR1 region and can competitively inhibit viral 6-HB formation. The pseudovirus assay suggested that the antiviral activity of EK1 against HCoV-OC43, HCoV-NL63, and HCoV-229E infection with IC~50~ values of 1.81, 6.02, and 3.35 μM, respectively. In vitro cytotoxicity assay determined that EK1 is not cytotoxic at concentrations up to 1 mM. Mice that received 5 mg/kg of EK1 were nearly completely protected from infection by HCoV-OC43 and 200 μg of EK1 against MERS-CoV infection. Recently, this team found that EK1 could also potentially inhibit SARS-CoV-2 with an IC~50~ value of 2.38 μM in pseudovirus assay and an IC~50~ value of 0.19 μM in fusion inhibitory assay.^[@ref91]^ To improve the inhibitory activity of EK1 against SARS-CoV-2, they conjugate the cholesterol molecule to the EK1 peptide and found that a new peptide, EK1C4, exhibited highly potent inhibitory activity inhibit SARS-CoV-2 S-mediated membrane fusion and pseudovirus infection with IC~50~ values of 1.3 and 15.8 nM, The CC~50~ of EK1C4 was 5 μM, and the selectivity index was \>136. In the OC43-infected mouse model, mice that received 0.5 mg/kg of EK1C4 were nearly completely protected from infection by HCoV-OC43. These data suggested that EK1C4 could be used for inhibition and treatment of infection by currently circulating SARS-CoV-2.^[@ref92]^

MERS-5HB, a polypeptide derived from the HR1 and HR2 region, was synthesized by Gong et al., and affinity analysis demonstrated a low *K*~d~ value of 0.24 nM, and an IC~50~ value of 1 μM against MERS-CoV and CC~50~ \> 50 μM. HR derived peptides is a highly promising strategy for viral fusion inhibition. Successful HR peptides have been used in the past to block entry of other virus families such as the HIV with the gp41 derived peptide Fuzeon (T20), the only approved fusion inhibitor for HIV-1 treatment to date.^[@ref93]^ Therefore, HR derived peptides highlight a promising strategy for inhibitor development combating the new SARS-CoV-2.

Xia et al. reported that two peptide-based membrane fusion inhibitors, 229E-HR1P and 229E-HR2P ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} and [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), targeting the HCoV-229E S protein HR1 and HR2 domains, could competitively inhibit the viral autologous 6-HB formation and inhibit HCoV-229E S protein-mediated virus-cell membrane fusion with IC~50~ values of 5.7 and 0.3 μM, respectively. Moreover, neither 229E-HR1P nor 229E-HR2P had significant cytotoxicity to Huh-7 and A549 cells at concentrations up to 1000 μM. In addition, 229E-HR2P potentially inhibited pseudotyped and live HCoV-229E infection with IC~50~ values of 0.5 and 1.7 μM, respectively.^[@ref94]^

The S2 domain is the most conserved motif between the SARS-CoV and the new SARS-CoV-2 S protein.^[@ref92]^ It represents an ideal immunogen for the generation of a novel or repurposing SARS-CoV S2 domain targeting mAbs with cross-reactive potential.^[@ref95]^ Sasazuki et al., for example, could successfully isolate the human mAb 5H10 from immunized Kunming (KM) mice. 5H10 displayed an anti-SARS-CoV neutralizing activity of around 5 μg/mL. Cell fusion assays indicate that 5H10 can inhibit viral fusion and entry rather than viral attachment to the surface of host cells or cleavage of the S protein. Consequently, the S protein of SARS-CoV might be the direct target of 5H10; however, further studies are required to confirm this hypothesis.^[@ref96]^ Tan et al. identified mAb 1A9 (IC~50~ value between 25 and 50 μg/mL), an anti-SARS-CoV S2 domain mAb, that binds to a conserved loop region between the HR1 and HR2 domains of the S2 domain.^[@ref97]^

Tsunetsugu-Yokota et al. found that antibody SKOT20 can inhibit SARS-CoV with an EC~50~ value of 5 μg/mL in Vero E6 cells SARS-CoV. Mutational studies indicate that SKOT20 restrict conformational changes within the S2 domain, essential for viral entry.^[@ref98]^ Taken together, the here presented peptide and mAb candidates targeting the S2 domain derived from previous SARS-CoV studies could potentially help develop effective vaccines to combat SARS-CoV-2.

Small Molecules as S2 Inhibitors {#sec6.2}
--------------------------------

Although broadly neutralizing antibodies (bnAbs) targeting the S2 domain of SARS-CoV S protein have been studied in the past, Abs are generally not suitable for oral delivery, limiting their potential application.^[@ref99],[@ref100]^ Small molecules mimicking bnAbs as fusion inhibitors have also been described for other viruses such as influenza virus or HIV-1 and represent a promising strategy.^[@ref99],[@ref100]^ Xu et al. developed a two-step screening method to identify inhibitors that potentially block SARS-CoV entry into the host cells.^[@ref99]^ On the basis of this approach, they identified two small molecules, **TGG** (**12**, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) and **luteolin** (**13**), that can bind avidly to the SARS-CoV S2 protein and inhibit viral entry of SARS-CoV into Vero E6 cells with IC~50~ values of 4.5 and 10.6 μM, respectively. Cytotoxicity assay showed that the CC~50~ of **12** and **13** were 1.08 and 0.155 mM, respectively. Therefore, the selectivity index of **12** and **13** were 240.0 and 14.62, respectively. Further acute toxicity suggested that the 50% lethal doses of **12** and **13** were ∼456 and 232.2 mg/kg, respectively. These indicated that these small molecules could be used at relatively high concentrations in mice.^[@ref98]^**Quercetin** (**14**), an analogue of **13**, also showed antiviral activity against SARS-CoV, with an IC~50~ value of 83.4 μM and a CC~50~ value of 3.32 mM.^[@ref101]^

###### Small Molecules Targeting S2 Domain and Proteolytic Processing
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**ADS-J1** (**15**), a potential viral entry inhibitor, was reported by Ngai et al. The IC~50~ of **15** was 3.89 μM. Molecular docking analysis suggests that **15** can bind into a deep pocket of the SARS-CoV S protein HR region and block the SARS-CoV entry into host cells.^[@ref43]^ Recently, Zhao et al. demonstrated that **15** could also inhibit MERS-CoV infection in a pseudovirus-based inhibition assay, with an IC~50~ value of 0.6 μM, a CC~50~ value of 26.9 μM, and providing a selectivity index of almost 45.^[@ref102]^

**Arbidol** (**16**), a broad-spectrum drug, has been licensed for decades in Russia and China against influenza by binding to the HA protein to block the viruses--cell fusion.^[@ref103]^ Recently, Wang et al. identified that **16** efficiently inhibited SARS-CoV-2 virus infection in vitro with an IC~50~ value of 4.11 μM, a CC~50~ value of 31.79 μM, and an SI of 7.73.^[@ref104]^ Vankadari compared protein sequence analysis and found that a small region of the S2 domain (aa947--aa1027) of the SARS-CoV-2 spike glycoprotein resembles that of the influenza virus H3N2 HA. So the mechanism of **16** was to target the SARS-CoV-2 spike glycoprotein and blocked its trimerization, which may inhibit host cell adhesion and hijacking.^[@ref105]^ In January 2020, in Wuhan, China, a clinical pilot trial conducted with 36 patients with SARS-CoV-2 virus infection received 400 mg **16** three times a day for 9 days; 31 untreated SARS-CoV-2 patients served as a control group. In this trial, patients with **16** showed a tendency to decrease viral load as determined by RT-PCR and reduced mortality (0% vs 16%), as compared to the control group.^[@ref106]^

The HR regions of SARS-CoV and SARS-CoV-2 S protein share a high degree of conservation, and the described small molecules as fusion inhibitors can have potential applications in inhibiting SARS-CoV-2 fusion. Indeed, targeting virus surface protein is a promising antiviral strategy, whether inhibiting RBD or S2 domain.

Proteolytic Processing Inhibitors {#sec7}
=================================

Antibiotics that Target the Cathepsin L Proteinase {#sec7.1}
--------------------------------------------------

During clathrin-dependent viral entry, the host cellular cathepsin L protease plays a key role in infection efficiency by activation of the S protein into a fusogenic state to escape the late endosomes, and cathepsin L (lysosomal endopeptidase) cleavage is believed to expose a hydrophobic fusion peptide essential to initiate membrane fusion.^[@ref107]^ In light of its vital role in the SARS CoV infection cycle, cathepsin L is a desirable target to interfere with virus--cell entry.^[@ref83]^

Cathepsin L consists of a pro- and a mature-domain. In a low pH milieu, the pro-domain is autocatalytically cleaved to obtain the papain-like folded mature-domain consisting of an N-terminal helical domain and a C-terminal β-sheet domain ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}).^[@ref108]^ A well conserved Cys-His-Asn triad in the active site is crucial for substrate binding and catalysis. In light of its importance in the SARS-CoV-2 replication cycle, cathepsin L is a highly desirable target that will be described in the following section.^[@ref109]^

![Crystal structure of the mature-domain of cathepsin L. The catalytic triad (Cys22, His163, Asn187) essential for proteolytic activity are highlighted in a dashed triangle. N and C represent N- and C-terminus, respectively. PDB 5I4H.](jm0c00502_0008){#fig8}

Teicoplanin is a glycopeptide antibiotic, with applications in the treatment of serious infections caused by Gram-positive bacteria such as *Streptococcus* and *Staphylococcus aureus*.^[@ref110]^ Interestingly, teicoplanin was shown to block the entry of SARS, MERS, and Ebola virus by specifically inhibiting the cathepsin L activity.^[@ref111]^ More recently, Zhang et al. showed that teicoplanin could also block the entry of the new SARS-CoV-2 pseudoviruses with an IC~50~ value of 1.66 μM. As a routinely used clinical antibiotic, teicoplanin could be potentially used immediately to combat the current SARS-CoV-2 outbreak.^[@ref112]^

Small Molecules as Cathepsin L Inhibitors {#sec7.2}
-----------------------------------------

Human cathepsin L plays numerous critical roles in diverse cellular settings associated with human diseases.^[@ref113]^ Previous studies also highlighted the feasibility of targeting this cysteine endopeptidase with small molecules with implications for possible intervention strategies of SARS-CoV-2 infection.^[@ref113]^

A high-throughput screen (HTS) of a 1000-compound library that resulted in the identification of **MDL28170** (**17**, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) by Bates et al., and in an antiviral activity assay, **17** specifically inhibited cathepsin L-mediated substrate cleavage and blocked SARS-CoV viral entry, with an IC~50~ value of 2.5 nM and EC~50~ value in the range of 100 nM. However, despite its potent inhibitory activity, no cytotoxicity data for **17** is currently available.^[@ref83]^

Two small molecules, **CID 16725315** (**18**) and **CID 23631927** (**19**), were reported by Diamond et al. as viral entry inhibitors of the SARS-CoV. In a cathepsin L inhibition assay, **19** could block cathepsin L with an IC~50~ value of 6.9 nM, while **18** showed slightly weaker potency with an IC~50~ value of 56 nM. Interestingly, besides inhibiting SARS-CoV, compound **19** (EC~50~ value of 273 nM) showed some inhibition activity for Ebola virus infection (EC~50~ value of 193 nM) of human embryonic kidney 293T cells. Importantly, **19** did not show any sign of toxicity to human aortic endothelial cells at 100 μM. This data offers a new promising point for the treatment of SARS and Ebola virus infections.^[@ref114]^ Recently, in a cell-based assay screen of ∼14 000 compounds, **SSAA09E1** (**20**) was identified that could specifically bind to the cathepsin L proteinase and interference SARS-S protein during viral entry, with an IC~50~ value of 5.33 μM. In a pseudotype-based assay in 293T cells, the EC~50~ value of **20** was around 6.4 μM, and no cytotoxicity was detected below 100 μM.^[@ref57]^

Using SARS-CoV entry assays, Zhou et al. screened 2100 cysteine protease inhibitors with confirmed activity to inhibit human cathepsins. Among them, **K11777** (**21**) demonstrated the most robust activity. Results demonstrated that **21** blocked SARS-CoV pseudovirus entry at an IC~50~ value of 0.68 nM while no toxicity was observed, CC~50~ value \>10 μM. Interestingly, for other coronaviruses, **21** showed broad-spectrum antiviral activity with IC~50~ values of 1.48, 6.78, and 46.12 nM against HCoV-229E, HCoV-NL63, and MERS-CoV, respectively.^[@ref115]^

Inhibitors of Cell Membrane-Associated TMPRSS2 {#sec7.3}
----------------------------------------------

Either the endosomal cysteine proteases cathepsin L or the cell membrane-associated serine protease TMPRSS2 can facilitate SARS-CoV virus entry into host cells by cleavage of the viral S protein.^[@ref19]^ This cleavage exposes fusion-competent motifs known as fusion peptides, and importantly, for SARS-CoV, the interference of both proteases is required for efficient inhibition of virus replication.^[@ref19]^ Matsuyama et al. identified **Camostat** (**22**, [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}), a commercially available serine protease inhibitor that can efficiently prevent SARS-CoV infections at 10 μM by inhibiting TMPRSS2 activity. However, even at high concentrations (100 μM) of **22**, the inhibition of viral entry via SARS S protein-mediated cell fusion never exceeded 65% (inhibition efficiency), indicating that despite the inhibition of TMPRSS2, 35% of virus entry takes place via the endosomal cathepsin pathway. Therefore, they examined the activity of pseudotyped viruses when treated with a combination of (23,25)*trans*-epoxysuccinyl-[l]{.smallcaps}-leucylamindo-3-methylbutane ethyl ester (EST, a cathepsin inhibitor) and **22**. The results suggested that simultaneous treatment with EST and **22** remarkably blocked infection (\>95%).^[@ref116]^ Similarly, Pöhlmann et al. reported that **22** could prevent the viral entry of SARS-CoV-2. Importantly, full inhibition efficiency was attained when treated with both **22** and E-64d (a cathepsin inhibitor). Both studies indicate that SARS-CoV and SARS-CoV-2 enter cells via a similar mechanism, showing the potential of **22** as a promising candidate for further development as a SARS-CoV-2 treatment.^[@ref19]^

Inhibitors of the Furin Cleavage Site in the Coronavirus Spike Proteins {#sec7.4}
-----------------------------------------------------------------------

Elevated levels of furin expression were able to facilitate MERS-CoV pseudovirion infection, and viral entry could be reduced by furin siRNA silencing.^[@ref20]^**Decanoyl-RVKR-chloromethylketone** (**23**, dec-RVKR-CMK), a furin inhibitor, was shown to block MERS-CoV S protein-mediated entry as well as virus infection, with an IC~50~ value of 75 μM in HEK-293T cells. Furthermore, when cathepsin inhibitor camostat was used in combination with **23**, a significant inhibition in infectivity was characterized compared to camostat alone.^[@ref20]^ Recently, Bestle et al., showed that the potent peptidomimetic inhibitor **MI-1851** (**24**) could prevent proteolytic processing of the S protein from SARS-CoV-2 by endogenous furin in HEK293 cells. However, no antiviral data is available for **24** yet.^[@ref117]^ The peculiar furin-like cleavage site (S1/S2-site in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) in SARS-CoV-2 that is absent in the SARS-CoV and other SARS-like CoVs indicates that furin inhibitors could play a significant role in blocking the viral entry process.^[@ref117],[@ref118]^

Host Factor Inhibitors {#sec8}
======================

SARS-CoV-2 cell entry also relies on host cell factors. Therefore, these host cell factors can play an essential role as targets for SARS-CoV-2 inhibition.^[@ref119]^**Chlorpromazine** (**25**[Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}) is an antipsychotic drug developed for the treatment of schizophrenia. It has also been reported to inhibit the infection of hepatic C virus (HCV),^[@ref120]^ mouse hepatitis virus (MHV-2),^[@ref27]^ and alphavirus.^[@ref121]^ Recently, Liu et al. demonstrated that **25** could inhibit the clathrin-mediated endocytosis of MERS-CoV cell entry, with an IC~50~ of 7.24 μM and CC~50~ \> 40 μM.^[@ref122]^ Additionally, **fluphenazine** (**26**) and **promethazine** (**27**) showed a similar inhibitory effect against MERS-CoV, with IC~50~ values of 3.23 and 7.48 μM, respectively.^[@ref122]^

###### Small Molecules Targeting Host Factors and Unknown Targets
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Machamer et al. found **imatinib** (**28**), an Abelson kinase signaling pathway inhibitor that could inhibit Abelson tyrosine--protein kinase 2 (Abl2) to block MERS-CoV virion fusion with endosomal membranes with an IC~50~ value of 10 μM. **28** showed no cytotoxic effects in Vero cells at 100 μM.^[@ref123],[@ref124]^ Another Abl inhibitor, **dasatinib** (**29**), was active against both MERS-CoV and SARS-CoV, with IC~50~ values of 5.4 and 2.1 μM, respectively.^[@ref125]^

On the basis of an HTS assay using cytopathic-effect (CPE), Shin et al. identified **saracatinib** (**30**), a potent inhibitor of the Src-family of tyrosine kinases (SFKs), that can block the early process of the MERS-CoV life cycle, possibly through inhibition of the SFK signaling pathways. **30** exhibited prominent antiviral activity with an IC~50~ value of 2.9 μM and a CC~50~ value of \>50 μM, resulting in an SI value of approximately \>17. Moreover, **30** showed a broad-antiviral activity against hCoV-229E and hCoV-OC43, with an IC~50~ value of 2.4 and 5.1 μM, respectively.^[@ref126]^

Phenotypic Screening for New Entry Inhibitors {#sec9}
=============================================

Phenotypic screening methods are usually used to identify first-in-class drugs without knowing the actual target and mechanism of action of the drug, while target-based screening identifies best-in-class drugs.^[@ref127]−[@ref129]^ Although the phenotypic screening approach often is limited in terms of capacity compared to in silico target-based screening, it can have advantages in identifying cell-active compounds providing information on drug solubility or cell uptake.^[@ref127]−[@ref129]^

Many drugs, especially natural products, have an unknown mechanism of action but were shown to inhibit coronavirus entry.^[@ref130]^ Hsiang et al. screened a library of 121 Chinese herbs using a biotinylated enzyme-linked immunosorbent assay to search for active compounds that could potentially inhibit SARS-CoV S protein binding to ACE2. Further studies identified **emodin** (**31**, [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}), the active component from *Polygonum multiflorum* and *Rheum officinale*, could block the interaction of SARS-CoV S protein to ACE2, with an IC~50~ value of 200 μM in an S protein-pseudotyped retrovirus assay using Vero E6 cells. However, the mechanism of action of **31** still needs to be determined.^[@ref131]^ Sarafianos et al. found that **SSAA09E3** (**32**), a benzamide derivative, could prevent SARS-CoV virus--cell membrane fusion in pseudotyped-based and antiviral-based assays, with an IC~50~ value of 9.7 μM, but a CC~50~ value of 20 μM indicates additional unknown cellular targets.^[@ref57]^

Out of an HTS, **VE607** (**33**) was identified using a phenotype-based screen from a 50 240 structurally diverse small-molecule compound library. Pseudotype virus entry assay suggested VE607 can specifically inhibit SARS-CoV virus entry into cells with an EC~50~ value of 3 μM and inhibited SARS-CoV plaque formation with an IC~50~ of 1.6 μM.^[@ref132]^ A similar HTS approach was employed by Zhang et al. for screening a compound library consisting of 727 structurally diverse small molecules. eighty-four compounds were identified with significant anticoronavirus potential. Further studies revealed that 51 compounds inhibited virus entry, while 19 others interfered with viral replication.^[@ref133]^ Natural products should, however, be considered with caution due to their unknown mechanism of action and possible toxic side effects.

Conclusions and Prospects {#sec10}
=========================

The recent SARS-CoV-2 outbreak, with its high fatality rate, has raised global concerns and was declared as a global pandemic by the WHO. The number of infections continues to rise, and numerous research groups around the globe have prioritized the identification and development of new COVID-19 treatments. Still, there are no effective treatments to date. Viral entry is the first step in the viral life cycle and represents an attractive intervention point by blocking the coreceptor interaction or the virus--cell membrane fusion event. SARS-CoV-2 and other coronaviruses have similar infection mechanisms. This is especially true for SARS-CoV and CoV-NL63, which share the same human ACE2 receptor crucial for viral entry. Therefore, already developed inhibitors against known hCoVs could potentially be used to combat SARS-CoV-2. These efforts identified a large number of inhibitors, including peptides, antibodies, small-molecule compounds, and natural products with anticoronavirus activity. Although many inhibitors demonstrated efficacy in inhibiting coronavirus virus infection, no specific prophylactic or postexposure therapy is currently available for HCoVs. One of the main reasons causing this is that most of the potenial agents were not adequately evaluated for in vitro and in vivo studies. Most drugs are in the preclinical stage and stopped in animal models due to poor bioavailability, safety, and pharmacokinetics so that few entered human trials. In light of the urgency of the current outbreak, repositioning of already approved drugs is increasingly becoming a promising approach, especially with toxicity and safety data in hand.

The most effective measure to prevent viral diseases is vaccination. Coronavirus vaccine development mainly focused on S protein, and some of them reported can inhibit SARS,^[@ref134]−[@ref136]^ and MERS.^[@ref137]^ Although vaccination strategies were developed in the context of previous epidemics, no vaccine for SARS-CoV-2 infections is yet available. Since the recent SARS-CoV-2 outbreak, research groups around the world are now stepping up to develop vaccines targeting SARS-CoV-2, and vaccine research routes include nucleic acid vaccines, viral vector vaccines, inactivated vaccines, and recombinant protein vaccines. Typical vaccine development is time, resource, and financially consuming, although this pandemic has created initiatives that hope to speed the development of a SARS-CoV-2 vaccine. Even the most optimiztic views regarding an effective SARS-CoV-2 vaccine being created are at least one year away. Even after creation, other hurdles for the SARS-CoV-2 include global implementation and distribution, and different strategies for containing this contagion should be explored simultaneously as the vaccine efforts.

In addition to small-molecule inhibitors, monoclonal antibodies, and vaccine development, convalescent sera from SARS-CoV-2 survivors (convalescent-phase sera) is an additional option for COVID-19 treatment. Passive immunization was well established for viral infection prophylaxis.^[@ref138]^ By meta-analysis of studies about the 1918 influenza, H1N1 influenza epidemic demonstrated that early treatment of convalescent blood products decreased the risk ratio caused by pneumonia from 37% to 16%.^[@ref139]^ Nevertheless, the appropriate titer of the convalescent-phase sera antibody remains to be determined, which was required for therapeutic efficacy to inhibit SARS-CoV-2. Research carried out with MERS-CoV suggested that sera from patients recovering from infections did not contain sufficient antibody titers for therapeutic use.^[@ref140]^

Recent initiatives such as the governmental (USA) Operation Warp Speed (OWS) to support the development, manufacturing, and distribution of COVID-19 vaccines, therapeutics, and diagnostics or the Accelerating COVID-19 Therapeutic Interventions and Vaccines (ACTIV) public--private partnership coordinated by the National Institutes of Health (NIH) are crucial milestones in a coordinated effort to accelerate and prioritize the development of the most promising vaccines and treatments. Initiatives like these that bridge government, academia, and industry should also be continued past the current COVID-19 crisis so that we can respond to future novel outbreaks rapidly and adequately.
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CPE

:   cytopathic effect

ELISA

:   enzyme-linked immunosorbent assay

FP

:   fusion peptide

FCV

:   feline coronavirus

HR

:   heptad repeat

HA

:   hemagglutinin

HIV

:   human immune deficiency virus

HCoV

:   human coronaviruse

HTS

:   high-throughput screen

HCV

:   hepatic C virus

IFA

:   immunofluorescence assay

KM

:   immunized Kunming

MERS-CoV

:   Middle East respiratory syndrome coronavirus

MHV

:   mouse hepatitis coronavirus

NTD

:   N-terminal domain

PD

:   proteolytic domain

PBPK

:   physiologically based pharmacokinetic

PCR

:   polymerase chain reaction

RMSD

:   root-mean-square deviation

RBD

:   receptor-binding domain

RdRp

:   RNA-dependent RNA polymerase

RAS

:   renin-angiotensin system

SARS-CoV

:   severe acute respiratory syndrome coronavirus

SPR

:   surface plasmon resonance

SFKs

:   Src-family of tyrosine kinases

TM

:   transmembrane domain

TMPRSS2

:   transmembrane protease serine 2

WHO

:   World Health Organization

3CLpro

:   3-chymotrypsin-like protease

6-HB

:   six-helix bundle
